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Introduction
Vanadium is a bioessential element that is found in remarkably high concentrations in marine ascidians, [1] certain mushrooms, [2] and polychaete worms. [3] Three types of vanadiumcontaining enzymes are known: vanadium nitrogenases, [4] vanadium-dependent haloperoxidases, [5] and vanadium-containing nitrate reductases. [6, 7] Among other biological effects, vanadium×s insulin-like action [8] and anticancer activity [9] have stimulated a considerable amount of research. However, our understanding of the role of vanadium in living organisms is far from complete. For instance, in the insulinlike action, it is known that the originally supplied vanadium(iv) or vanadium(v) complexes undergo considerable transformations in the organism, including ligand-exchange processes and redox reactions, before participating in various phosphorylation/dephosphorylation reactions involved in the metabolism of glucose. [10] Most of vanadium×s biologically important reactions occur in water-based environments such as blood plasma and intracellular fluids. Therefore the knowledge of the distribution and chemical speciation of the vanadium compounds in aqueous solution is of the utmost importance.
Several vanadium complexes of the Schiff base sal 2 en {N,N'-ethylenediaminebis(salicylideneiminato)} and related ligands have been proposed as insulin-enhancing agents, and for the treatment of obesity and hypertension. [11, 12] To date, only [V IV O(sal 2 en)] has been tested in vivo for insulin-mimetic activity. Pyridoxal and pyridoxamine are forms of vitamin B 6 , known cofactors required by many enzymes. They are nontoxic metabolites and fairly soluble in aqueous solution. Pyridoxal-containing vanadium complexes are therefore of potential therapeutic interest.
In this work we study the Schiff base derived from the condensation of pyridoxal with ethylenediamine: H 2 pyr 2 en (1; see Scheme 1) . One disadvantage of Schiff bases (hereafter designated by SB) is their tendency to hydrolyze. This may yield the half SB (and one aldehyde), or proceed further to the ethylenediamine and a second molecule of pyridoxal. The complex [(VO 2 ) 2 (pyren) 2 ]¥2 H 2 O was obtained from solutions containing H 2 pyr 2 en and VOSO 4 , where Hpyren is the ™half∫ SB 3 (see Scheme 1) . However, this instability was overcome by reduction of the SB to give an amine: H 2 Rpyr 2 en (2). Both compounds 1 and 2 were isolated, characterized by X-ray diffraction, and their acid±base properties studied. H 2 Rpyr 2 en was found to be quite stable to hydrolysis throughout the whole pH range. The vanadium(iv) complexes of the two ligands, of pyridoxamine (HpyrN) and of the SB derived from the reaction of methylamine with pyridoxal (HMepyrN) were synthesized and characterized in the solid state.
EPR, 1 H, and 51 V NMR spectroscopies were used to provide detailed information for the rather complicated solution equilibria of these ligands with V IV O 2 + and V V O 2 + . Ab initio [13] and DFT [14] calculations were carried out and support the formation and identification of the isomers present in both systems, and help to explain the experimental data. Overall the present systems are remarkable examples of the complexity of the types of isomers that may form in solutions of V IV O and V V O 2 complexes (as indeed of many other metal±ligand systems), and how pH-potentiometry, spectroscopic techniques, DFT calculations, and computer handling of the experimental data may be used to characterize the systems in solution, and evaluate the various subtle effects that determine the isomers that form.
Results and Discussion X-ray diffraction studies H 2 pyr 2 en (1) and H 2 Rpyr 2 en (2): Figure 1 shows ORTEP representations of ligands H 2 pyr 2 en (1) and H 2 Rpyr 2 en (2). Only half of of 1 and 2 were found in the asymmetric unit, the inversion centers being located at the midpoint of the CH 2 ÀCH 2 bonds. The overall geometrical parameters of H 2 pyr 2 en compare well with other ethylenebis(salicylideneimine) derivatives, [15±17] namely those of sal 2 en [15] (see Table 1 for selected data). The N=CH and OÀC lengths of 1 (1.277 (5) ): Upon coordination, the N amine atoms become dissymmetric centers. The unit cell of the crystal contains four molecules: in two of them the configurations of the N amine are S,S, while in the other two they are R,R (enantiomers of the S,S molecules). Figure 2A shows an ORTEP diagram with the atom-labeling scheme, and selected bond lengths and angles are given in Table 1 . The molecule is neutral with one of the pyridinium nitrogens protonated, and corresponds to the symmetrical isomer, sometimes designated by a-cis (see below). [18] In complex 4 the HRpyr 2 en À ligand coordinates the VO 2 + moiety by means of two phenolate-O À and two amine-N atoms forming a quite distorted octahedral coordination polyhedron. This is due both to the specific constraints of the VO 2 fragment and to the tetradentate coordination, which imposes stereochemical strain, but overall the coordination geometry of this compound is rather similar to other monomeric V V O 2 complexes.
[18±23] The distortion is reflected in the coordination distances and angles and there are two short bonds (V=O bonds of 1.628(5) and 1.683(4) ä) that are trans to the two V À N long bonds of 2.308(6) and 2.247(5) ä. The O-V-O angle in the VO 2 moiety is similar to those previously reported for related complexes with nitrogen trans to the oxo groups, for example, the a-cis isomer of the EDTA complex [24] and b-cis isomer of the EDDA complex. [18] Other authors [25] also found a rather similar type of isomerism and used the notation cis-and trans-phenolates. Hereafter we will use the a-cis and b-cis notation; however, as will be clear below, in solution the V V ±Rpyr 2 en system is much more complex, because several a-cis and b-cis complexes form.
The differences observed in the V=O distances of [V V O 2 (HRpyr 2 en)]¥3 H 2 O (4) are partly due to the different involvement of the two oxygen atoms in H bonding in the 3D structure. Atom O2 is involved in two short intermolecular H bonds (with N4 and O100 of two neighboring molecules), while atom O1 is only involved in a weaker one with O6 of a symmetry-related molecule.
General structures of the a-cis and b-cis-type complexes here: The VÀO phenolate and VÀN amine bonds are within the normal range found for this type of compound. [20, 25±28] The ligand coordinates vanadium forming a (6+5+6)-membered fused chelate system. The rings are not planar partly due to the greater flexibility of the reduced SB ligand, which is not constrained to remain planar when coordinated to the metal ion. Due to the fact that atom N4 is protonated and N3 is not, the two heteroaromatic rings have some differences namely: the N3ÀC8 and N4ÀC15 bonds, which differ by 0.014 ä, and some angles (e.g., C6-N3-C8 and C13-N4-C15 differ by 7.68).
Comparing the bond lengths of ligand 2 and its complex, there are some small differences upon coordination; for example, the C À O phenolic bond decreases by 0.04 ä. However, there are no significant differences between the C3ÀN1 and C10ÀN2 internuclear separations. Protonation at N3 instead of N4 corresponds to the same molecule. However, for the isomer with the two O phenolate atoms cis to each other (one trans to the O oxo atom), the two pyridine rings are no longer equivalent and protonation at N3 or N4 corresponds to two different isomers.
Although the initial mixture contained V IV and H 2 pyr 2 en, a V V complex with the halfSchiff-base monoanionic ligand Hpyren (3) was obtained, where one of the imine bonds hydrolyzed. The oxidation of V IV was probably due to diffusion of air into the solution. An ORTEP diagram of 9 is shown in Figure 2 B, and selected bond lengths and angles are in Table 1 .
Compound 9 is a dinuclear V V Schiff base with a bis(moxo) bridge. [25, 29±31] Each V V ion is six-coordinate, and the moxo atoms are trans to the V=O bonds. The coordination polyhedra obtained can be best described as two edgeshared octahedra that are significantly distorted. This distortion is mainly due to the O1-V1-O2 angle of 107.33 (9) 8, a value comparable to that obtained in compound 4 as well as in other VO 2 units found in the literature. [17, 21±23, 30±33] The V1ÀO1 bond has a typical V=O length of 1.6026 (19) ä, while O2 is involved in the bridge between V1 and the symmetry-generated V1A atom (Àx + 2, Ày, Àz). This coordination gives rise to a rather distorted V 2 O 4 core with two strong VÀO oxo bonds, and two weak VÀO interactions (see Table 1 ). The remaining three coordination sites are occupied by the tridentate pyren À units, comprising the phenolate-O3, the imine-N1, and the amine-N2 atoms. The metal is above the plane defined by N1, N2, O2, and O3 toward O1 by 0.354(1) ä. The VÀV separation is 3.166(1) ä, comparable to the values found in related complexes that range from 3.103 ä to 3.372 ä. [30, 31, 33, 34] Owing to the presence of two crystallization water molecules, there is an extended hydrogen-bonding network in the three-dimensional crystal structure, which involves both the bridging m-oxygen atom O2, the hydroxyl O5 atom, and the pyridine N3 atom (see Supporting Information).
Infrared spectra: Some selected IR data for the ligands and vanadium complexes are shown in the Supporting Information. Some of the assignments were made based on literature data.
[35±39] The characteristic n(V=O) band appears as a medium-strong band at 960 cm The IR spectrum of 4 is quite complex. This is partly due to the protonation at N4 pyridine , while N3 pyridine is not protonated. This, and distinct hydrogen bonding, make several IR bands for equivalent group vibrations in each half of the ligand molecule appear at different wavenumbers. To help the assignment, the IR spectrum for a model compound of 4 was obtained from a DFT frequency calculation (see Supporting Information SI-2, and the Experimental Section). The bands at 1356(s) and 1290 cm À1 (medium-strong) are assigned to the n(C12ÀO4) phenolate and n(C5ÀO3) phenolate , respectively. For the V IV O compounds these bands appear in the range 1273±1321 cm À1 (see Table SI -3 in the Supporting Information) and, in some cases, two bands may also be distinguished. The n(VÀO1) and n(VÀO2) bands were calculated to appear at 1001 and 974 cm
À1
, while the experimental values are 924 and 903 cm À1 , respectively. The lower experimental values arise from the hydrogen bonding involving both O1 and O2.
Electronic absorption spectra: The electronic absorption spectra of bis(salicylaldimines) and of their transition-metal complexes have been extensively studied.
[40±43] The electronic absorption spectra of the V IV O complexes (see Table SI EPR spectra: The Hamiltonian parameters obtained by computer simulation of the experimental X-band EPR spectra of frozen solutions of the vanadium complexes in DMSO, using the computer program from Rockenbauer, [44] are listed in Table 2 . The spectra of complexes 5, 6, and 8 show slight rhombic distortions, which can be seen in the perpendicular lines M I = 7/2, 5/2, and 3/2, indicating a distorted geometry around the metal center. The g x Àg y values are in the range 0.005 to 0.009 while the j A x ÀA y j are~6 to 8 î 10 À4 cm
. The degree of rhombic distortion increases in the order of complex 6 < 8 < 5. In complex 6 the ligand is less rigid than in 5, allowing the molecule to assume a more symmetric geometry around the metal center. In complexes 5 and 8 the ligands are Schiff bases, but in 8 instead of an ethylene bridge there are two methyl groups, which possibly explains the higher distortion in complex 5. The additivity rule [45±48] was developed to allow the determination of the identity of the equatorial donor groups in complexes of square-pyramidal geometry (or octahedral with a weak sixth ligand), but has also been successfully applied to structurally distorted molecules.
[49±51] The spectrum of 7 shows axial symmetry, and if we consider that the two ligand molecules bind vanadium in equatorial positions through the four donor atoms (2 î N amine , 2îO phenolate ) eq , the estimated A z is 158 î 10 À4 cm
. Table 2 ), then the estimated parameters fit better with the simulated ones. This is probably the coordination mode of 7 in DMSO. For complexes 5, 6, and 8 the EPR parameters (Table 2 ) fit well with the tetradentate binding mode involving either (2 î N amine , 2îO phenolate ) eq or (2 î N imine , 2î O phenolate ) eq .
Magnetic properties of the vanadium(iv) complexes:
The magnetic susceptibilities, c, of the vanadium(iv) complexes 5 and 6 were measured by the Faraday method in the temperature range of 3±287 K. Data were corrected for the diamagnetic contribution using the Pascal constants. [52] The magnetic susceptibility of [V IV O(pyr 2 en)] fits well the Curie±Weiss law (with c P (287 K) = 1.35 î 10 À3 emu mol
, q = À0.32 K). Yamada et al. [53] reported a m eff of 1.53 m B for this complex at room temperature (RT). At low temperatures, an increase was observed, which suggests that ferromagnetic interactions become important. Low magnetic moments were found for several vanadium complexes [19, 53±56] with sal 2 en type ligands, and these low magnetic moments have been explained by the existence of V=O¥¥¥V=O interactions. Possibly this is also the case for [V IV O(Rpyr 2 en)], which is in agreement with the low n(V=O) value for this complex (see above).
Ligand protonation by pH-potentiometry and 1 H NMR spectroscopy pH-potentiometry:
T h e H 2 pyr 2 en and H 2 Rpyr 2 en ligands contain six protons that dissociate in the measurable pH range, so the totally protonated species correspond to [H 6 . The corresponding protonation constants are included in Table 3 .
Schiff bases of the sal 2 en type may hydrolyze in solution forming the half SB or eventually totally decompose at low pH, [57, 58] and their V IV O complexes may be involved in disproportionation reactions.
[59±61] All these processes depend on the solvent used. The H 2 pyr 2 en ligand is soluble in water, and much more stable in this solvent than sal 2 en, and pHpotentiometry could be used to determine the protonation constants (see Table 3 ). No hydrolysis was detected in the pH range 2±7 by 1 H NMR spectroscopy, but at pH > 7 a very weak signal corresponding to one of the aldehyde protons of pyridoxal could be detected. This slight extent of hydrolysis may explain the significantly higher uncertainties in the protonation constants of 1, about twice those of H 2 Rpyr 2 en (2), which is also reasonably soluble in water but fairly stable throughout the pH range 1±13, as also confirmed by 1 H NMR spectroscopy. Table 3 also includes the protonation constants of pyridoxamine (obtained in this work), and those of pyridoxal. [62, 63] For 2 and pyridoxamine the deprotonation processes overlap each other and the pK a values were calculated from both the pH-metric and 1 H NMR data.
For pyridoxal the pK a1 of 12.9 corresponds to the deprotonation of its hemiacetal form, [62] and in the case of pyridoxamine the pK a1 of~10.3 corresponds mainly to the amino group. In neutral aqueous solution the zwitterionic form predominates (the phenol deprotonated and the pyridine-N protonated), but a significant amount of the uncharged forms are also present; microequilibria must be considered. The pK a of~8 of pyridoxal and of pyridoxamine are largely associated with the pyridinium protons, and the pK a of~3±4 to both the hydroxyl and the pyridinium protons. [64] However, in the case of our ligands the existence of H bonds between the O phenolic and the N amine/imine may change further the acidity of the phenolic-OH, the acid±base microequilibria becoming more complicated.
The pH-potentiometry technique allows the determination of the protonation constants of the ligands (Table 3) , but cannot provide information on the sequence of protonation of their basic sites. The protonation of the N and O atoms generally result in a deshielding of the nonlabile H atoms attached to adjacent carbon atoms. [65] Therefore, a 1 H NMR titration study (d versus pH) was carried out for 2. This study did not yield the whole set of microequilibria involved, but gives information about the main groups involved for each calculated pK a value-see Supporting Information (SI-4). One of the N amine atoms is protonated first, pK a1 NMR = 10.7, a value close to the 10.4 reported for pyridoxamine. [64] The second proton corresponds to the NH pyridine bound to the unprotonated end of the en moiety, with a pK a2 NMR value of 8.9, close to those reported for pyridoxine (8.96), and 4-desoxypyridoxine (9.98), which have no protonated positively charged side chains, and have their O phenolate deprotonated. [64] The third proton corresponds to the other NH pyridine connected to the protonated end of the en moiety, with a pK a3 NMR value of 7.6, that is close to the value obtained for pyridoxamine (7.99) , which has a protonated positively charged side chain and the O phenolate deprotonated. [64] The fourth proton corresponds to the protonated N amine , with a pK a4 NMR value of 5.5. The fifth and sixth protonations correspond successively to each OH phenolate , but could not be distinguished by the NMR titration experiment. From these pK a values and the deprotonation sequence it is clear that in 2 the formation of H bonds between the phenolic-OH and the amino-NH is favorable (as found in the crystals of 2, see above), the phenolic protons being quite acidic, even more than those of pyridoxamine.
For the SB 1, the 1 H NMR titration study indicates that the deprotonation scheme is similar to that of H 2 Rpyr 2 en. The higher pK a value is mainly associated to one of the imine groups, which is in agreement with values reported for the N-pyridoxylideneamino acidato SBs, [66, 67] then comes the two NH pyridine , followed by the second imine proton. The pKa values of~3.7 and~4.4 are mainly associated with the phenolic protons. O±HpyrN systems, respectively. The pHmetric data were evaluated with the computer program PSEQUAD, [63] with the assumption of 1:1 (and 2:1 ligandto-metal ratio, in the case of HpyrN) complexes of different protonation states. The best fit between the experimental and the calculated titration curves was obtained with the set of constants shown in Table 3 . The species distribution curves of the complexes formed are depicted in Figure 3 .
In the V [63] and from 1 H NMR data (some pK ai values Table 2 summarizes the EPR parameters obtained from the simulation of the spectra. [44] For the V OL 2 ] complexes, L being a bidentate ligand. [69, 71] However, the type and number of isomers that may form in the present systems is complex, and a more systematic and comprehensive discussion about the stoichiometries and isomers that may form in solution is given below in connection with the DFT calculations.
In OL 2 ], the latter is neutral and precipitates. The EPR spectra for this system (Table 2) OLH m ]. The linewidths and shape of the M I = 7/2 components of the spectra indicate the existence of structural isomers also in this system. The visible spectra of the V IV O± pyrN system show a pattern somewhat similar to those of the previous systems: as the pH increases the d±d transition at l max~7 60 nm shifts to lower energy, and the one at l max5 70 (e = 12.9 m À1 cm À1 ) shifts to higher energy. The intensity of both bands progressively increases.
Vanadium(v) complexes studied by pH-potentiometry, and 1 H and 51 V NMR spectroscopy: The ligand H 2 pyr 2 en does not form complexes with V V stable enough to allow the use of pH-potentiometry. However, in the 51 V NMR spectra of solutions containing 3 mm of V V and 6 mm of 1, a new signal at d~À577 ppm was detected in the pH range 5±9, indicating complex formation. With pyridoxamine, the 51 V NMR measurements with 3 mm V V and 12 mm of ligand did not show any complex formation in the same pH range. In the V V ±H 2 Rpyr 2 en system pH-potentiometry clearly indicated complex formation, and the stability constants given in Table 3 were obtained by the evaluation of the pH-metric titration data. The corresponding speciation diagram is shown in Figure 5 . [70] At pH > 3. Between pH 3.5 and 6 the 51 V NMR spectra show only two relatively broad signals ( Figure 6 A and SI-7 in the Supporting Information). In the pH range 6±9, as the NH + pyridine groups successively deprotonate, the two peaks gradually shift, but the ratios of the peak areas are almost independent on both the total V concentration or the L:M ratio. This indicates the formation of two mononuclear complexes for each stoichiometry, that is, structural isomers. There are two types of structural isomers (structures III and IV in Scheme 2), and for structure IV (b-cis isomer) the protons of the two half-molecules are not equivalent. (Scheme 2) for the a-cis and b-cis complexes, respectively. While for the a-cis (structure III, which corresponds to the binding mode of complex 4), the protons of the two half molecules are equivalent, for the b-cis isomer, structure IV, they are not. This solution structure proposed for the b-cis isomer was confirmed by using 2D NOESY and ROESY spectra (see SI-6 in the Supporting Information).
In the b-cis isomers (structure IV) one half of the molecule is coordinated through an O (trans to a O oxo ) and a N atom (trans to a O phenolate ), and this part is labeled as A; the other half of the molecule where the coordination involves O (trans to a N amine ) and N (trans to a O oxo ) is labelled as B.
From the H-aromatic chemical shifts obtained in the DFT calculations (see below), for b-cis isomers the higher experimental H-aromatic chemical shifts (Figure 6 B) correspond to part B of the molecule (see structure IV). The ratio of the two isomers does not change much throughout the pH range 4±10. However, due to the different acidity of the NH + pyridine in the a-cis and b-cis isomers, there is a slight change in the ratio of the two types of isomers between pH 6 and 9, with a minimum of a-cis/b-cis at pH 7.8, where the population of the monoprotonated forms of [VO 2 LH] shows its maximum ( Figure 5 and SI-8A in the Supporting Information).
The species involved in the microscopic deprotonation scheme of the NH Based on the pH dependence of the chemical shifts of the 1 H and 51 V NMR spectra and on the equilibria involved, the microconstants shown in Scheme 3 could be calculated (see SI-8 in the Supporting Information). The two stepwise pK a values of a-cisH 2 (pK a H2 and pK a H1 ) differ more (0.89) than the expected value based on statistical consideration (0.61). This is due to the charge of the molecule, which becomes zero after the first deprotonation. The first deprotonation of b-cisH 2 (pK b H2 = 7.19) is lower than the pK a of a-cisH 2 (7.44), and this changes the ratio of the a-cis:b-cis isomers from~3:1 (for the stoichiometry [VO 2 LH 2 ]) to~1.7:1 (for the [VO 2 LH] stoichiometry). The difference in the second 2 + , the color then slowly faded upon decreasing the pH below 2.5. The UV/Vis measurements indicated a nonequilibrium system because of the slow formation and decomposition of this 'red-colored' species. [70] The speciation diagram for pH < 5 is therefore only approximate, and this is indicated with dashed lines. B) A microequilibrium speciation in the same conditions in the pH range 5±11. V NMR data can be used to describe such a system revealing all fine details, is given in the Supporting Information (SI-8).
DFT calculations: Gas-phase structures are obtained by DFT calculations, but these normally give good approximations of the solution and solid-state molecular structures. The stability of the isomers is dependent on solvation and ionic interactions occurring in solution, and these environmental effects may affect the predominance of the isomers in solution. However, DFT calculations certainly may give good clues in understanding the ratio of the various binding isomers present in solution, the type of bonding present and to explain the spectroscopic properties. O 2 complexes of 2, in order to evaluate their relative energies, to understand several aspects related to their structural preferences and electronic structure, and to determine some properties. The structure of the complexes was simplified by replacing the -CH 3 and -CH 2 OH groups by -H in the pyridoxal ring. For the main objective of our calculations their effect is expected to be small, although they are relevant for intermolecular association and H-bonding interaction with solvent molecules. The Supporting Information (e.g., SI-9) summarizes the structural data, relative energies, and some properties obtained in the DFT calculations, namely the experimental and calculated The fully optimized DFT structure (the bonding parameters are given in Table 1 ) corresponding to compound 4 may be used for comparison with the molecular structure determined by X-ray diffraction. As may be seen in Table 1 , the calculated bond lengths and angles compare well with those for 4. Some of the differences arise from the fact that an iso- lated molecule was considered in the theoretical calculations, while as was revealed by X-ray diffraction, several intermolecular hydrogen bonds occur in the crystal structure of complex 4. As for the X-ray structure, the calculated V-(O phenolate , N amine ) bond lengths of the half-molecule containing the protonated NH + pyridine moiety are about 0.05±0.15 ä longer than in the deprotonated half-molecule.
The DFT structural data reveal that for all isomers of MLH 2 There are only a few complexes with (O=)VÀO phenolate (trans) bonds with structures characterized by X-ray diffraction, [76] and the calculated (O=)VÀO phenolate (trans) distances are intermediate between those of the cis form, when the O phenolate is in the equatorial plane (approximately 1.9 ä), and those of the compounds containing neutral oxygen donors, including the HO phenolate group (approximately 2.2±2.4 ä). [73, 74] Thus, the trans influence of the O oxo ligand is still expressed when one compares the lengths~1.9 and~2.1 ä.
In agreement with the spectroscopic (EPR and NMR) results, the DFT calculations indicate that, for each stoichiom- O complexes the binding modes correspond to structures V±IX included in Scheme 2, and the only one that appears to be energetically disfavored corresponds to structure VII. Nevertheless, for each stoichiometry at least three types of isomers may exist in solution with A k est values of either 158 or 164±5 î 10 À4 cm
À1
. This is in good agreement with the experimental values ( Figure 4 and Table 2 ), which showed the existence of two distinct signals with A k values of 157±8 and 164±6 î 10 À4 cm À1 in the pH range 2±8, that is, also for all stoichiometries.
For the V V O 2 complexes all types of isomers considered in the DFT calculations (binding modes III±IV in Scheme 2) correspond to similar energies. The maximum energy difference found was 14.6 kJ mol À1 (3.5 kcal mol 
Conclusion
The Schiff-base ligand of pyridoxal and ethylenediamine, 1, and its hydrolytically more stable reduced derivative 2 proved to be efficient binders of both vanadium(iv) and vanadium(v). X-ray diffraction studies show the Schiff base pyr 2 The complexes prepared are slightly soluble in water and the order of stability of the complexes formed is pyridoxamine < H 2 pyr 2 en < H 2 Rpyr 2 en. Pyridoxal and pyridoxamine are forms of vitamin B 6 and are nontoxic metabolites. Their vanadium complexes may therefore be good candidates for therapeutic use. Toxicity, insulin-mimetic, and other biological studies of these vanadium complexes are in progress.
Experimental Section
Materials: All chemicals used for the synthetic work were obtained from Merck, Sigma-Aldrich or Calbiochem were of reagent grade. They were used without further purification.
Synthesis of the ligands
Preparation of H 2 pyr 2 en (1): Pyridoxal¥HCl (2.24 g, 11 mmol) was dissolved in H 2 O (40 mL) and the pH was set to 6.5 by addition of concentrated KOH. Ethylenediamine (0.334 mL, 5 mmol) dissolved in ethanol (5 mL) was added dropwise to the pyridoxal suspension. The mixture was stirred under reflux for 1 h. (2): NaBH 4 (0.11 g, 3.00 mmol) dissolved in methanol containing KOH was added to a suspension of H 2 pyr 2 en (1.00 g, 2.79 mmol) in methanol/chloroform (3:2, 50 mL). The mixture was stirred at about 5 8C overnight, and the yellow solution turned colorless. HCl (2 m) was added until pH 4±5 was reached, and the solution was stirred for 2 h. The pH was then increased to 10 by addition of KOH (3 m). The white precipitate was filtered, washed with water, ethanol, and diethyl ether, and dried under vacuum. Yield: 60 %; elemental analysis calcd (%) for C 18 ) . From the solution of the filtrate, kept at room temperature for two weeks, colorless crystals were collected and characterized by Xray diffraction.
Synthesis of the vanadium complexes: All reactions were carried out under a nitrogen atmosphere. The procedure for the synthesis of all V IV O complexes was similar: the ligand (1 equiv) was dissolved in an alcoholic solvent (or a methanol/water mixture) and sodium acetate (2 equiv) was added. Then 1.1 equivalents of the vanadium salt (either chloride or sulfate) dissolved in water were slowly added and the pH was set to 7.5±8 by addition of 3 m KOH. After precipitation of the complex, the solution was filtered, washed, and dried under vacuum. (9): After about two weeks, some crystals were formed from the filtrate obtained in the preparation of 5, which was left in a flask and in contact with air at about 4 8C. These were collected and characterized by X-ray diffraction.
Physical and spectroscopic studies: IR spectra were recorded with a BioRad FTS 3000 MX FTIR spectrometer. Visible spectra were recorded either with a Hitachi U-2000 or a Perkin-Elmer Lambda 9 UV/VIS/NIR spectrophotometer. The EPR spectra were recorded at 77 K (on glasses made by freezing solutions in liquid nitrogen) with a Bruker ESP 300E X-band spectrometer. The magnetic susceptibilities were measured in the range 5±296 K using a 7-Tesla Faraday Oxford Instruments system coupled to a Sartorius S3D-V microbalance. The 1 H and 51 V NMR spectra were obtained on a Varian Unity-500 NMR Spectrometer operating at 499.824, and 131.404 MHz, respectively, using a 5-mm broad band probe and a controlled temperature unit set at 25 AE 1 8C. The 2D COSY, NOESY, ROESY, and TOCSY spectra were also obtained at 25 AE 1 8C, on the same NMR spectrometer using the same 5-mm broad band probe.
X-ray crystal structure determination of 1, 4, and 9: For the three compounds data were collected on a MACH3 Enraf-Nonius diffractometer with Mo graphite-monochromated radiation. The crystal structures were solved by direct methods (program SIR97 [77] ) and refined by SHELXL97, [78] all in the package WinGX-Version 1.64.03b. [79] All nonhydrogen atoms were refined anisotropically and hydrogen atoms for 1 and 9 that were located in the Fourier maps were refined isotropically. In compound 4 the hydrogen atoms were included in calculated positions and allowed to be refined, while riding on the parent C atom, except for the nitrogen and the water hydrogen atoms, which were located and refined isotropically with some constraints. Further details of the crystal structure determinations are given in Table 4 and in the Supporting Information (SI-1). Graphical representations were prepared by using ORTE-PIII [77] and SCHAKAL99. [80] X-ray crystal structure determination of 2: Three-dimensional, room-temperature X-ray data were collected on a Siemens Smart 1000 CCD instrument. The structures were solved by direct methods and refined by fullmatrix least-squares on F 2 . Hydrogen atoms were left to refine freely with isotropic thermal parameters. Complex scattering factors were taken from the program package SHELXTL. [81] Details are given in Table 4 and SI-1 in the Supporting Information.
Further details of the crystal structure investigations may be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+ 49) 7247-808-666; e-mail@crysdata fizkarlsruhe.de) on quoting the depository CSD-212900, CSD-212452, CSD-212901, and CSD-212902 for compounds 1, 2, 4, and 9, respectively.
Determination of the vanadium content in samples: A procedure was developed for this purpose (see Supporting Information SI-10).
pH-potentiometric titrations: All measurements were made in water. The purity of the ligands was checked pH-potentiometrically and the exact concentration of solutions were determined by the Gran method. [82] The stock solution of V IV O was prepared and standardized as reported earlier [83] and also as mentioned above. The H 3 O + concentration in the stock solutions was determined by pH-potentiometry. The V v stock solution was prepared by dissolving KVO 3 in KOH solution of known molarity and its H 3 O + concentration was calculated. The vanadium content in the commercial KVO 3 was determined as described above.
All solutions were manipulated in an inert atmosphere (high purity N 2 or purified argon). The ionic strength was adjusted to 0.20 m KCl and the temperature was 25.0 AE 0.1 8C. The pH was measured with an Orion 710 A precision digital pH meter equipped with an Orion Ross 8103BN-type combined glass electrode, calibrated for hydrogen ion concentration as described earlier. [84] The ionic product of water was pK w = 13.76. 
r were calculated by using the PSEQUAD computer program. [63] The formation of the following V IV O±hydroxo complexes was taken into account:
À . [71, 85, 86] For the V v systems the stability constants were similarly defined, where M refers to VO 2 + , not as HVO 4 2À as is most usual in the literature. The speciation of vanadate into monomeric, dimeric, tetrameric, pentameric, and decameric species [87] was taken into account (see SI-11 in the Supporting Information). EPR spectroscopy: In the absence of ethylene glycol a relatively broad background was present in most of the frozen solution EPR spectra, therefore most spectra were run with aqueous solutions containing 5 % ethylene glycol. The V IV O EPR spectra were simulated using a program from Rockenbauer. [44] The EPR spectra help to elucidate which groups coordinate in solution. [45, 88] For the V IV O systems we used the additivity rule to estimate the hyperfine coupling constant A k est . [46] 1 H and 51 V NMR spectroscopy: All NMR samples were prepared at room temperature immediately before NMR spectroscopic determinations. Ligand solutions for the NMR pH titrations were prepared in D 2 O (99.995 %D) weighing the appropriate amount of the ligand to have the desired concentration. The pD values of these solutions were adjusted with DCl and CO 2 -free NaOD solutions and measured on a Crison MicropH 2002 pH meter with an Ingold 405M5 combined electrode, calibrated at 20 AE 1 8C with standard buffers at pH 4.0 and 7.0. The final pH values were corrected for the deuterium isotope effect using pH = pDÀ0.4. [89] The solutions containing the V v complexes were prepared by weighing an adequate amount of the ligand and dissolving it in a H 2 V and NMR chemical shifts were referenced relative to TSS at 0 ppm and to a VOCl 3 external solution at 0 ppm, respectively. A presaturation pulse sequence was used for 1 H NMR spectra to eliminate the residual water signal. The aqueous V V ±H 2 Rpyr 2 en system was also studied by 2D 1 H NMR techniques, including COSY, NOESY, TOCSY, and ROESY, using the respective pulse sequences installed in the software of the NMR instrument. 51 V NMR acquisition parameters were: 33 kHz spectral width, 30 ms pulse width, 1 s acquisition time, and 10 Hz line broadening. The signal intensities of the NMR resonances were obtained using the program NUTS. [90] Molecular orbital calculations: The calculations were performed with the B3LYP HF/DFT hybrid functional as implemented in the Gaussian 98 set of programs. [91] The functional includes a mixture of Hartree±Fock [13] exchange with DFT [14] exchange-correlation, given by Becke×s three parameter functional [92] with the Lee, Yang, and Parr correlation functional, which includes both local and nonlocal terms. [93, 94] All the optimized geometries are the result of full optimizations without any symmetry constraints, done with model complexes with the CH 3 and CH 2 OH substituents of the pyridoxal rings replaced by hydrogen atoms.
Spin unrestricted calculations were done to optimize all the possible isomers of the V IV O complexes in the three protonation states (di-, mono-, and deprotonated), with and without water coordinated, in a total of 32 different species. A standard LanL2DZ basis set [95±98] was used for the optimisations. In the case of the isomers presenting two equatorial N amine , two equatorial O phenolate and one axial H 2 O, trans to the V=O bond (structure V in Scheme 2), the B3LYP optimized structures described the H 2 O coordination poorly, with long VÀO(water) lengths (> 2.4 ä) and enhanced H(water)-O phenolate hydrogen interactions. Thus, the Barone and Adamo one parameter functional [99] with modified Perdew±Wang exchange and Perdew±Wang 91 correlation
[100±104] (MPW1PW91) was used to re-optimize those complexes, since this functional is known to describe weak interactions better than B3LYP. [105] Indeed, the structures obtained in this way, and discussed in the text, present shorter VÀO(water) and longer H(water)ÀO phenolate separations than the ones resulting from the B3LYP optimizations. Single-point energy calculations with the B3LYP functional and a standard 6±31G(d,p) basis set [106±110] were done for all the optimized structures. Spin contamination was carefully monitored for all the unrestricted calculations performed, and the values of < S 2 > (0.7500±0.7501) indicate minor spin contamination.
All possible isomers in the three protonation states of the V V O 2 complexes (in a total of 10 different species) were optimized using the B3LYP functional and a 6±31G(d,p) basis set, and their relative energies obtained by means of single point calculations performed with the same functional and a standard 6±311G(d,p) basis set.
[111±117] NMR shielding tensors were calculated using the Gauge-Independent Atomic Orbital method (GIAO) [118±122] at the Hartree±Fock level using a 6±311 + G(2d,p) basis set. The calculations were done for the several V V ±Rpyr 2 en complexes, VOCl 3 , VO 4 3À , and HVO 4 2À . The calculated frequencies presented in the text were scaled by a factor of 0.96. [68] 
